binding capacity of TBP in serum might provide a clue to the origin of the peculiar alterations in the metabolism of iodine which occur during pregnancy. This possibility seemed particularly attractive in view of repeatedly demonstrated alterations, during pregnancy, in the electrophoretic composition of the proteins of plasma (14) (15) (16) .
For these reasons the present study of the interaction of thyroxine with the proteins of sera obtained from pregnant women was undertaken. A marked increase has been found in either the concentration of TBP, or in its avidity for thyroxine. It is suggested that this increase may be directly related to the alterations in the metabolism of iodine which occur in the pregnant woman. A brief preliminary report of this finding has been published elsewhere (17) .
MATERIALS AND METHODS
Thirty ml. of venous blood were obtained without stasis from 27 non-pregnant women of childbearing age, without regard to the phase of the menstrual cycle, from 22 pregnant women divided among the three trimesters of uncomplicated pregnancy, and from 6 pregnant women with a diagnosis of threatened or inevitable abortion. In an additional 8 instances, maternal and umbilical cord bloods were obtained at the time of normal, full-term delivery. Other samples studied included venous blood drawn serially from 3 patients at delivery and during the first, third, and fifth post-partum weeks, and blood from 2 pregnant women at the estimated twenty-first postovulatory day. Serum was obtained following clot retraction. Aliquots of serum were immediately analyzed for albumin and for total protein. The remaining serum was frozen until used for studies of thyroxinebinding.
Concentrations of albumin in the sera were determined, in duplicate, by the colorimetric, dye-adsorption method of Rutstein, Ingenito, and Reynolds (18) . Standard curves of optical density were obtained, using a Coleman Junior spectrophotometer. The following preparations of albumin were intercompared in order to obtain albu-min reference standards: Fraction V of Cohn method 6 (19) , mercaptalbumin (20) 3 and two lots of 25 per cent ARC human serum albumin. Standards containing mercaptalbumin and Fraction V were prepared gravimetrically; standards of ARC human albumin were prepared by dilution. Close agreement was noted between colorimetrically determined values and the nitrogen content of the mercaptalbumin standard, as determined by Kjeldahl analysis. The reliability of using 25 per cent ARC human serum albumin as a standard for the method was thereby verified. A new standard curve was obtained for each set of determinations.
Concentrations of total protein were determined, in duplicate, by the biuret method (21) , standardized by Kj eldahl determinations of nitrogen in the reference solutions of human albumin.
Analyses for serum precipitable iodine (SPI) were performed by the alkaline ash method of Barker, Humphrey, and Soley (22, 23) . 4 In order to assess the proportionate distribution of thyroxine between TBP and albumin at varying concentrations of thyroxine, sera to be compared in a single experiment were treated concurrently in the following manner. Into the first of 4 13 x 100 mm. test tubes were added 5.0 ml. of serum and 0.100 ml. of an approximately 5.0 ug. per ml. solution of newly received, chromatographically pure radiothyroxine.5 Two ml. of this mixture was transferred to the fourth tube. Into the fourth tube was then added 0.100 ml. of a 3.0 ± 0.2 mg. per cent solution of stable thyroxine,6 made up in 1.0 per cent human albumin. Solutions of stable thyroxine were prepared in 1.0 per cent albumin in order to minimize adsorption of thyroxine to glassware. In order to compensate for the albumin added to the fourth tube, 0.150 ml. of a 1.0 per cent solution of human albumin containing no thyroxine was added to the 3 ml. of serum remaining in the first tube. At this point, serum in the fourth tube contained approximately 150 ,g. per cent of added stable thyroxine; serum in the first tube contained none. Serum in both the tubes contained approximately 50 mg. per cent of added human albumin. One-ml. aliquots of serum from the first and fourth tubes were then mixed in the third tube. Finally, 1.0-ml. aliquots of serum from the first and third tubes were mixed in the second tube. Thus, concentrations of added stable thyroxine of approximately 37.5 and 75.0 Ag. per cent were achieved in the second and third tubes, respectively. Approximately 10 ,ug. per cent of additional thyroxine were contributed to the serum in each tube by the radiothyroxine added. 3 Mercaptalbumin dialyzed against cysteine was kindly supplied by Dr. Margaret J. Hunter, Department of Biophysical Chemistry, Harvard Medical School. 4 Performed by Bio-Science Laboratories, 2231 S.
Carmelina Avenue, Los Angeles, California. 5 Obtained from Abbott Laboratories, Oak Ridge, Tennessee. 6 Kindly supplied by Dr. A. E. Hemming, Smith, Kline & French Laboratories, Philadelphia, Pennsylvania.
In most experiments, the concentrations of SPI achieved were chemically determined in two sets of sera. SPI values, obtained by dilution of enriched sera were not only higher than values predicted on the basis of gravimetric addition, but also were not consistent from experiment to experiment. However, the distribution of thyroxine between albumin and TB P in the same control sera showed only occasional variation when electrophoresed in different experiments. The latter finding suggested that concentrations of thyroxine achieved in the various experiments were, in fact, usually quite similar. It was thus decided to report, in the accompanying tables and figures, concentrations of added thyroxine based on gravimetric addition. However, in order to eliminate the effects of variations in preparative techniques as well as in the adsorption of thyroxine to glassware (24) , each experiment was designed so that the partition of thyroxine in experimental sera could be directly compared with that observed in concurrently assayed controls.
Additional experiments were performed in which each sample of serum from the pregnant subjects was gravimetrically enriched with mercaptalbumin in amounts sufficient to achieve albumin concentrations equal to the highest concentrations among control sera. The partition of thyroxine was then assessed by the techniques described below. The binding affinity for thyroxine of the mercaptalbumin added was assayed by electrophoresis of this protein in solutions containing the four concentrations of thyroxine used in studying thyroxine-binding in serum.
Since all of the above experiments entailed the addition of sufficient radiothyroxine to increase the concentration of endogenous thyroid hormone by at least 100 per cent, further studies were performed with truly tracer amounts of the radioactive material. Sera from pregnant females and non-pregnant controls were diluted tenfold with saline. To 0.9-ml. aliquots of the diluted sera were added 0.1 ml. of a 10 gm. per cent albumin solution which contained a small amount of endogenous protein-bound iodine as well as 0.14 /Ag. per ml. and 4.3 gc. per ml. of added I"3-thyroxine. The resultant mixtures, in which it was hoped to approximate the concentrations of total protein, albumin, and PBI of the extracellular fluid, were then electrophoresed on paper.
Using apparatus and techniques described elsewhere (24), 32 individual electrophoretograms (samples from 8 patients) were obtained in duplicate daily on consecutive days until all samples had been electrophoresed. Earlier, it had been shown that no difference in the partition of thyroxine resulted when aliquots of the same sample of thyroxine-enriched serum were electrophoresed at intervals of 4 days. One filter paper sheet of a duplicate pair was subdivided into its 8 component electrophoretograms. These individual electrophoretograms were then scanned for radioactivity in an automatic strip scanner utilizing a gas-flow counter. The other sheet was radio-autographed on no-screen x-ray film and subsequently stained for proteins by the method of Durrum (25) . In certain instances, the components of serum in 1264 
RESULTS
Normal pregnancy (Table I) 7 During electrophoresis at pH 8.6 and at pH 4.5 radiothyroxine added to sera of both pregnant and non-pregnant women displayed identical mobility (Figures 1, 2) . However, at pH 8.6, in sera from pregnant subjects in each of the trimesters, as well as from the pregnant group considered as a whole, and at each concentration of added thyroxine, the percentage of radiothyroxine associated with TBP was significantly greater, and the percentage of radiothyroxine associated with albumin was significantly less than corresponding values in the control sera (P < 0.001). Significant differences between individual trimesters could not be discerned, except in the case of the lowest concentration of thyroxine, in which TBPbound thyroxine in the second trimester exceeded that in the first (P < 0.05). Poor electrophoretic separation of albumin and TBP at pH 4.5 precluded comparable quantitative analysis of the binding distribution at this pH. However, it was possible to demonstrate, at pH 4.5, that progressive displacement of radiothyroxine from TBP 7 Data are presented in terms of the percentage of thyroxine bound to TBP and albumin at varying concentrations of added thyroxine. Since endogenous and exogenous thyroxine are in equilibrium, it is evident that the partition of radiothyroxine in serum depends upon the total concentration of both exogenous and endogenous thyroxine (24, 26 onto albumin occurred with increasing concentrations of added stable thyroxine ( Figure 2 ).
In Table II at each of the four concentrations of thyroxine em-percentages of thyroxine bound to TBP and to ployed, at least 80 per cent of added radiothyroxine albumin approaching values found in normal pregmigrated with the mercaptalbumin during electro-nancy of longer duration, and differing markedly phoresis ( Figure 4) . from values in concurrently electrophoresed sera Sera obtained from 2 pregnant patients on the from non-pregnant controls (Table III) . estimated twenty-first postovulatory day revealed In serum from the three patients observed dur- t Per cent of total radioactivity associated with the thyroxine-binding protein.
Per cent of total radioactivity associated with albumin. (Table IV) . Despite considerable variation, concentrations of SPI were significantly greater than normal during the first and subsequent trimesters. Significant differences between individual trimesters were also noted, the mean of third trimester concentrations of SPI being the highest and the mean of the second trimester values being the lowest (Table  I ). The concentrations of SPI in the puerperium decreased to control values by the fifth post-partum week (Table IV) .
Except in the first trimester, the concentrations of total protein in the sera obtained from pregnant women were slightly lower than those of the controls (P < 0.02). Significant reduction in the concentration of albumin in sera from normally pregnant women was apparent in all three trimesters (P < 0.01) ( Table I) .
Thyroxine-binding by TBP in serum from all of the 6 patients with threatened or inevitable abortion was not assayed concurrently. Therefore, in order to intercompare results among the 6 patients, the percentage of thyroxine bound to TBP in these patients has been expressed as a percentage of the corresponding values in concurrently analyzed sera from normal, non-pregnant controls (Table V) . These values were then compared with comparably calculated percentages for pregnant women in the first trimester (derived from the data in Table I ). The results then fell into two categories. In sera from four of the patients, alterations in the partition of thyroxine of a degree characteristic of normal pregnancy were not observed. These patients either aborted dead fetuses spontaneously or, following development of negative A-Z tests and withdrawal of the blood sample to be analyzed, underwent dilatation and curettage for incomplete abortion. Two of the 6 patients revealed changes in the partition of thyroxine consistent with normal pregnancy of similar duration. In spite of vaginal bleeding sufficient to warrant hospitalization with a diagnosis of threatened abortion, one patient is in her ninth month of apparently normal pregnancy and the other recently underwent normal parturition. to TBP were significantly greater than corresponding values among controls (P < 0.001).
In the case of the newborn, a similar difference existed (P < 0.01). However, the percentage of thyroxine bound to TBP in neonatal sera was significantly less than that bound to TBP in maternal sera, except at the lowest concentration of added thyroxine employed. The concentrations of total protein in the neonatal sera (6.1 ± 0.5 gm. per cent) were not significantly different from the values in the maternal sera (6.2 + 0.3 gm. per cent), nor were the concentrations of albumin in neonatal sera (3.4 + 0.2 gm. per cent) significantly greater than those values in maternal sera (3.3 + 0.3 gm. per cent). Concentrations of total protein and albumin in maternal and neonatal sera were significantly less than control values (P < 0.01). Differences in the composition of sera from non-pregnant women, from pregnant women at term, and from neonatal infants are represented in the densitometric scans depicted in Figure 5 . which sera were diluted tenfold and then supplemented with sufficient albumin and radiothyroxine to simulate the concentrations of total protein and PBI which are reportedly present in extracellular fluid (27) . In all of these studies, an enhanced TBP-activity was exhibited by artificial "extracellular fluid" mixtures prepared from sera of normally pregnant women.
DISCUSSION
When thyroxine is added to plasma, it partitions among the plasma proteins according to their relative binding affinities for this hormone. At physiological concentrations, thyroxine in plasma is principally associated with a protein (or proteins) which, at pH 8.6, displays an electrophoretic mobility intermediate to that of the alpha-i and alpha-2 globulins (7-11). This globulin moiety has been designated the thyroxine-binding protein of plasma (TBP). As the concentration of thyroxine in plasma is increased, a progressively larger fraction of the hormone is bound to albumin, its chief secondary carrier (26, 28, 29, 24) .
In the present communication, it has been demonstrated that similar qualitative relationships obtain in maternal serum during electrophoresis at pH 8.6 and pH 4.5. Measurement of the partition of thyroxine, in several standardized concentrations, between TBP and albumin affords a convenient means for intercomparing the thyroxine-binding activity of TBP in individual sera. By means of this technique, a marked augmentation has been found in the thyroxine-binding capacity of TBP in sera obtained from normally pregnant women. This augmentation begins as early as the twenty-first postovulatory day, persists throughout pregnancy, and into the puerperium.
In confirmation of earlier reports, moderate hypoalbuminemia has been found in normally pregnant women (14) (15) (16) . Since the distribution of thyroxine between albumin and TBP in vitro is in part dependent on the concentration of these proteins, it seemed possible that either physiological hypoalbuminemia or some alteration in the binding properties of maternal albumin might explain the unusual avidity for thyroxine of TBP in maternal sera. This did not prove to be the case.
Correction of hypoalbuminemia by the in vitro addition of an albumin which exhibited considerable thyroxine-binding potency, and which had been 1272 THYROXINE-BINDING PROTEIN IN PREGNANCY obtained from multiple non-pregnant donors, did not demonstrably alter the distribution of thyroxine among the proteins of maternal sera.
The above observations concern the partition of thyroxine among the proteins of plasma under circumstances in which the total concentration of thyroxine has been increased approximately 100 per cent during the addition of radioactive hormone. At truly physiological concentrations of thyroxine, so small a fraction of radiothyroxine is bound to albumin that assessment of a possible increase in TBP-activity of maternal sera is technically unfeasible. However, when truly tracer amounts of radiothyroxine were employed, and sera were diluted and supplemented with albumin so that concentrations both of total protein and of PBI approached those reportedly present in extracellular fluid (27) , enhancement of TBPactivity in maternal sera as compared to controls could once again be demonstrated.
Since direct measurement of the concentration of TBP in serum cannot yet be made, it is not possible. to ascertain whether the present findings result from an absolute increase at the quantity of TBP in the serum of pregnant women or from an alteration in those molecular characteristics of TBP which determine its affinity for thyroxine.
Although the enhanced TBP activity in sera from pregnant patients is as yet unexplained, several observations suggest that hormonal changes occurring during pregnancy may be implicated. The initial appearance and the subsequent post-partum disappearance of augmentations both in SPI and in binding capacity of TBP are temporally well correlated. Secondly, Engstrom, Markardt, and Liebman have demonstrated that large doses of estrogen are capable of inducing augmentation of the SPI in males and non-pregnant females (30, 31) . Finally, early and continued increase in the elaboration of estrogens occurs during the pregnant state (32) . For these reasons, diethylstilbestrol, in doses of 30 mg. daily, has been administered to a group of non-pregnant females. Preliminary data indicate that this regimen induces, within 4 weeks, an increase in the thyroxine-binding capacity of TBP similar to that seen during pregnancy. It would thus appear that increased elaboration of estrogen during pregnancy may be at least in part responsible for the phenomena reported above. However, the extent to which other hormonal or non-hormonal factors may be contributory remains to be determined.
In this regard it is perhaps noteworthy that among 6 patients with spontaneous abortion, 4 failed to demonstrate alterations in TBP of the magnitude observed in normal pregnancy. In 2 patients with threatened abortion, augmentations of thyroxine-binding by TBP similar to those seen during normal pregnancy were found. One of these patients is in her ninth month of apparently normal pregnancy, and the other recently underwent normal parturition. It is unlikely that failure to demonstrate the usual gravid change in thyroxine-binding can be explained by recent death of the fetus, since following normal pregnancy increased thyroxine-binding is evident for as long as 5 weeks post partum. In the abnormal situation, it appears more likely that the usual gravid changes had either failed to appear or that the stimuli responsible for their production had been withdrawn a considerable period before actual abortion. Whether this sequence reflects inadequacies of implantation and trophoblastic function originating in the conceptus, or inadequacies in the maternal response to normal pregnancy remains undetermined.
Whether thyroxine crosses the placental barrier in humans is unknown. In confirmation of earlier reports (13, 33) , SPI's in maternal and cord blood, although not identical, were not, in the present study, significantly different. A free passage of all proteins between maternal and fetal circulations is unlikely, since with the exception of gamma globulin, the electrophoretic components of serum obtained from cord blood resemble those of the non-pregnant adult more nearly than those of the mother (34) . Nevertheless, it has been demonstrated that various gamma globulins pass from the maternal to the fetal circulation (35) . In the present study, the thyroxine-binding capacity of TBP in neonatal serum has been shown to exceed that of the non-pregnant adult. It is unknown at present whether this reflects transplacental passage of TBP, a fetal response conditioned by those factors which induce alterations of maternal TBP, or an innate characteristic of the newborn.
The physiological role of the thyroxine-binding protein is unknown. It is not possible, therefore, to evaluate with certainty the relation of the increased binding capacity of TBP to the other al-terations in the metabolism of iodine which occur during pregnancy. However, certain observations concerning the effects of TBP on the metabolism of thyroxine by tissue slices afford a basis for a preliminary hypothesis. Older observations of increase during pregnancy in number and size of thyroidal follicles, hyperplasia of follicular epithelium, and increased vascularity provide anatomical evidence of thyroidal hyperfunction. Recently, Ferraris and Scorta, studying 22 pregnant women, found an augmentation in thyroidal accumulation of Il3 appearing in the first trimester, persisting throughout pregnancy, and returning to normal by the thirtieth post-partum day. Twenty-four-hour plasma Ilal conversion ratios were also increased (3). Earlier, Pochin had described augmented accumulation of radioiodine in 5 pregnant women (2) . These data indicate that unless dietary iodine is diminished, there occur during pregnancy increased glandular production and release of iodinated materials. Furthermore, evidence obtained by butanol-extraction and chromatographic techniques indicates that thyroxine is the principal iodinated compound contributing to the augmented SPI of pregnancy (3, 12, 13) . Thus, there is evidence during pregnancy of the thyroidal production and release of increased quantities of calorigenically potent hormone.
However, in spite of this increase in the production and circulating concentration of thyroid hormone, there is no associated augmentation of basal energy requirements beyond those which may be attributable to the needs of the fetus. Pregnancy thus appears to disrupt the usual relationship between augmented concentration of circulating thyroid hormone and cellular metabolic response. Further evidence of a dissociation of this nature is provided by the amelioration of thyrotoxicosis and reduction in requirement for antithyroid drug, often observed in thyrotoxic pregnant patients (36) (37) (38) . Humoral factors during pregnancy might reduce metabolic responsiveness of tissues to thyroid hormone or directly reduce respiration in tissues (39) . However, this possibility is rendered unlikely by the observation that ameliorated thyrotoxicosis may not exacerbate until 9 or 10 weeks post partum (40) , long after evidence of increased secretion of at least estrogenic and adrenocortical hormones has disappeared (32, 41) . Furthermore, in normal women, hyperthyroidism does not appear during that portion of the puerperium in which estrogenic alterations have regressed and SPI remains increased.
If tissue responsivity is indeed undiminished, then the majority of maternal tissues must receive at most a normal quantity of hormone, despite the increase in SPI. There is at present no direct evidence that TBP participates in producing this alteration in proportional cellular penetration. Nevertheless, data obtained in an in vitro system suggest that it may. In vitro, the static distribution of thyroxine between extracellular and cellular phases is conditioned by the relative abundance of extracellular and cellular thyroxinebinding components (42) . Thus, in pregnancy, enhanced extracellular TBP could provide for the passage of only normal quantities of thyroxine to most maternal tissues, and could, in this way, protect them from the usual metabolic effects of increased concentration of circulating thyroid hormone. Increased amounts of thyroxine might be directed to particular maternal tissues, such as uterus, placenta, or perhaps fetus, whose requirements for hormone may be augmented, or alternatively might be channeled to sites in which hormonal degradation is not linked to metabolic action. This could be accomplished if the binding potential of these tissues favored the ready passage of thyroxine from TBP to cellular binding sites.
However, findings in the static system need not reflect the role of TBP in the dynamically equilibrated living system. In vivo, thyroxine may enter the cell in association with TBP. If this were true, delivery of thyroxine to tissues would be limited by the transcellular flux or cellular degradation of TBP. If, then, during pregnancy, thyroxine and TBP are increased proportionately, so that their molecular ratio remains constant, continued passage of normal amounts of TBP into the majority of maternal tissues would provide for the cellular penetration of normal quantities of thyroxine. Furthermore, the needs of certain tissues with increased hormonal requirements, such as those noted above, could be met by the intracellular passage of increased amounts of TBP. Under either of these circumstances, overall fractional rate of turnover of thyroxine dur-ing pregnancy might increase, decrease, or might, as suggested by the data of Danowski, Schwartz, Rhodes, Yoder, Puntereri, and Mateer, remain normal (43) .
It is apparent that the foregoing correlations are largely conjectural, being based on the limited data available, and omitting from consideration such variables as the number and avidity for thyroxine of cellular binding sites. Nevertheless, they appear to afford, at least, a conceptual frame of reference for future investigation of those puzzling alterations of thyroidal economy which occur during pregnancy.
SUMMARY
The partition of thyroxine between albumin and the specific thyroxine-binding protein (TBP) has been compared in sera obtained from non-pregnant and pregnant women. At all concentrations of thyroxine studied, a greater percentage was bound to TBP in sera of normally pregnant women than in sera of controls. Data obtained from supplementation of maternal sera with mercaptalbumin suggest that the observed alteration in thyroxine-binding does not result from the physiological hypoalbuminemia of pregnancy. Alteration in thyroxine-binding begins early in pregnancy and persists well into the puerperium. A similar though less marked augmentation of thyroxine-binding by TBP has been noted in sera obtained from umbilical cord bloods. Several patients with a diagnosis of threatened or inevitable abortion failed to demonstrate a change in thyroxine-binding capacity of TBP of the magnitude seen in normal pregnancy of similar duration.
